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The ureteric bud is an epithelial tube that undergoes
branching morphogenesis to form the renal collect-
ing system. Although development of a normal kid-
ney depends on proper ureteric bud morphogenesis,
the cellular events underlying this process remain
obscure. Here, we used time-lapse microscopy
together with several genetic labeling methods to
observe ureteric bud cell behaviors in developing
mouse kidneys. We observed an unexpected cell
behavior in the branching tips of the ureteric bud,
which we term ‘‘mitosis-associated cell dispersal.’’
Premitotic ureteric tip cells delaminate from the
epithelium and divide within the lumen; although
one daughter cell retains a basal process, allowing
it to reinsert into the epithelium at the site of origin,
the other daughter cell reinserts at a position one to
three cell diameters away. Given the high rate of
cell division in ureteric tips, this cellular behavior
causes extensive epithelial cell rearrangements that
may contribute to renal branching morphogenesis.
INTRODUCTION
The formation of branched epithelial ducts, a process known as
branching morphogenesis, underlies the development of many
organs (Affolter et al., 2009; Andrew and Ewald, 2010). In kidney
development, the epithelial ureteric bud (UB) branches and elon-
gates to give rise to the complex system of collecting ducts,
which in the mature organ will convey urine from the distal
tubules of the nephrons to the ureter and bladder (Bridgewater
and Rosenblum, 2009; Costantini, 2012; Little et al., 2010; Nigam
and Shah, 2009). The UB arises (at embryonic day [E] 10.5 in the
mouse) as an outgrowth from the caudal region of the nephric
duct, which is composed of pseudostratified epithelium (a type
of epithelium in which the nuclei lie at different apical-basal
levels, due to interkinetic nuclear migration) (Kosodo, 2012;DevelopmeSpear and Erickson, 2012). When the UB first branches within
the metanephric mesenchyme at E11.5, it remains pseudostrati-
fied, but soon thereafter it converts to a single-layered epithelium
(Chi et al., 2009b). Further growth and branching occurs by
the expansion and continued reshaping of this epithelial tree,
which contains a lumen that is patent all the way to the tips
(Meyer et al., 2004).
The cellular events that underlie branching morphogenesis, in
kidney as well as other organs, remain poorly understood. Some
of the cellular behaviors (among many others) that could poten-
tially cause the UB epithelium to form new branches include
localized cell proliferation, oriented cell division, and cell move-
ments (reviewed in Costantini, 2006). Cell proliferation is much
higher in the terminal ampullae, or ‘‘tips,’’ of the UB (Fisher
et al., 2001; Michael and Davies, 2004), where new branches
form (al-Awqati and Goldberg, 1998) (Watanabe and Costantini,
2004), compared to ‘‘trunks’’ (the tubular portions of the UB
behind the tips, which are elongating, narrowing, and beginning
to differentiate). However, proliferation within the ampullae does
not appear localized to the subdomains where new branches are
emerging (Fisher et al., 2001; Michael and Davies, 2004).
Although oriented cell division has been implicated in the elonga-
tion of collecting ducts at later stages of kidney development
(Fischer et al., 2006; Karner et al., 2009; Saburi et al., 2008; Yu
et al., 2009), as well as in lung bud morphogenesis (Tang et al.,
2011), it remains unclear if this mechanism plays a role in UB
branching. Extensive cell movements have been shown to occur
in the mouse nephric duct during formation of the initial UB, as
well as during later UB branching, by time-lapse analysis of
chimeric kidneys in which a subset of nephric duct or UB cells
were labeled with GFP (Chi et al., 2009b; Shakya et al., 2005).
However, the large number of labeled cells and the low resolu-
tion of imaging in these studies made it difficult to follow the
behavior of individual UB cells and thus to discern their modes
of movement.
For this reason, we used genetic strategies to label very small
numbers of ureteric bud cells with fluorescent proteins, allowing
us to follow their behavior by time-lapse microscopy in cultured
kidneys. We also used kidneys from transgenic mice expressing
membrane-associated, or nuclear, fluorescent proteins to follow
UB cell behaviors at high resolution by four-dimensional (4D)ntal Cell 27, 319–330, November 11, 2013 ª2013 Elsevier Inc. 319
Developmental Cell
Mitosis-Associated Ureteric Bud Cell Dispersalconfocal microscopy. These studies revealed an unexpected
phenomenon, occurring in the terminal, branching regions of
the UB epithelium. A premitotic cell first delaminates from the
epithelium into the lumen, retaining only a thin, membranous
basal process. The cell then divides, one daughter inherits the
basal process and reinserts into the epithelium at the site of
origin, whereas the other daughter reinserts at a position one
to three cell diameters away. We confirmed that cell divisions
occur predominantly in the lumen of the branching UB, in vivo,
by confocal microscopy of fixed kidneys at several stages of
development. The mitosis-associated cell dispersal that we
observe represents a mode of epithelial cell motility distinct
from those that have been previously described. This mode of
luminal division appears inconsistent with models in which
epithelial growth is patterned by the orientation of cell divisions
within the epithelium. Instead, it suggests that cell movements
immediately following mitosis may contribute to branching
morphogenesis in the kidney.
RESULTS
Clonal Analysis of Ureteric Bud Tip Cells Reveals a Type
of Cell Motility Coupled to Mitosis
In attempts to study the behavior of ureteric bud cells during
branching morphogenesis, we used several genetic methods
to label small numbers of ureteric bud cells with a fluorescent
protein. This allowed us to follow their division and movements,
by time-lapse microscopy, in cultured kidney explants. The
rare, labeled cells expressed a different fluorescent protein
than the rest of the UB cells (e.g., red versus green), whereas
the surrounding mesenchymal cells were unlabeled. Thus, we
could clearly distinguish each labeled UB cell, and its daughters,
from the surrounding UB cells (details in Experimental Proce-
dures and Figure 1 legend). In all cases, the differentially labeled
cells were of the same genotype (except for fluorescent protein
genes) as the surrounding cells.
E11.5 or E12.5 kidneys were explanted, cultured under stan-
dard conditions (Costantini et al., 2011), and photographed
every 20–60 min with an inverted epifluorescence microscope,
typically for 2–3 days. Labeled cells that were initially located
at the lateral ‘‘edge’’ of a UB tip or terminal branch usually
had a columnar appearance (Figure 1, ‘‘0 hr’’ panels). Many
of these cells divided during culture (five examples of mitotic
events are shown in Figure 1 and Movie S1 available online).
Before division, the parental cell appeared to retract from the
basal edge and move in an apical direction. This cell became
large and round (Figure 1A, 2 hr; Figure 1B, 1.7 hr; Figure 1C,
5.7 hr; Figure 1D, 8 hr), and divided by the next frame
(20–60 min later). Immediately after cytokinesis, whereas one
daughter cell appeared to return to its initial position (indicated
by asterisks in Figures 1A–1D), the other daughter cell moved
away, to a distance of approximately one to three cell diame-
ters (Figure 1A, 2.5 hr; Figure 1B, 2 hr; Figure 1C, 6.3 hr; Fig-
ure 1D, 6 and 9 hr). The two daughter cells typically remained
at this distance, or moved further apart, at subsequent times.
Only very rarely (in 1 out of 21 mitotic events visualized by
these methods) did the two daughter cells appear to remain
immediately adjacent to each other (not shown). Thus, the
mitosis of UB tip epithelial cells leads to the immediate reloca-320 Developmental Cell 27, 319–330, November 11, 2013 ª2013 Elstion of one of the two daughter cells; we term this phenomenon
‘‘mitosis-associated cell dispersal’’. There was no discernible
pattern of movement of the motile daughter cell; it moved
toward the nearest extreme tip (Figures 1B and 1D, upper tip)
or away from the tip (Figure 1D, lower tip), with similar
frequencies.
4D Analysis with Fluorescent Membrane Labels Reveals
that Mitosis-Associated Cell Dispersal Occurs via
Transient Delamination into the UB Lumen
To follow the behavior of mitotic epithelial cells during UB
branching morphogenesis with higher resolution, we cultured
transgenic kidneys in which myrVenus, a membrane-associated
fluorescent protein, is expressed in all ureteric bud cells (Hoxb7/
myrVenus) (Chi et al., 2009a). In confocal optical sections, the
outline of each UB cell is labeled by myrVenus, whereas the
surrounding mesenchyme cells are unlabeled. We collected
confocal image stacks through a branching UB tip, at 10 min
intervals over 21 hr (Figures 2A and 2B), and generated a
4D (three-dimensional [3D] time-lapse) movie. By examining
different z levels, we could focus either on the epithelia at the
upper or lower surfaces of the UB (Figure 2B, first two and last
two images) or on the central lumen (Figures 2A and 2B, central
two panels). A complete z stack at one time point is shown
in Movie S2). This indicated that the UB epithelium at E12.5
consisted mainly of a single layer of cells, but it also revealed
that a few cells were transiently located in the luminal space
(asterisks in Figures 2A and 2B).
Of 172 UB cell divisions we observed, only 5% occurred
within the confines of the epithelium (Figure 2C; Movie S3, first
image sequence). Instead, in most cases (95%), a cell about
to divide first elongated into the UB lumen, then moved partially
or fully into the luminal space, but retained contact with the
adjacent epithelial cells (Figures 2D–2F). These cells appear
to correspond to the large, round mitotic cells seen in the
lower-resolution time-lapse studies of Figure 1. The luminal
location of these cells could also be seen in the z dimension
(XZ projection insets in Figures 2D–2F; Movie S2). The
cell then divided, after which one or both daughter cells
could be seen to reinsert into the epithelium (Figures 2D–2F;
Movie S3). Although not all the reinsertion events could be
followed, there was no accumulation of cells in the UB lumen,
suggesting that both daughter cells reinsert. The interval
between the beginning of premitotic cellular elongation and
reinsertion was 60–90 min.
Although these Hoxb7/myrVenus-labeled, mitotic UB cells did
not appear to have a connection with the basal surface of the
epithelium—because the fluorescence from neighboring cells
obscured individual cell boundaries—it remained possible that
these cells retained basal contact by way of a thin process.
Thus, we needed to label a small subset of UB tip cells with a
membrane-targeted fluorescent reporter and observe them as
they completed delamination, mitosis, cytokinesis, and reinser-
tion. For this purpose we used mTmG mice, in which every cell
initially expresses the membrane-targeted red fluorescent pro-
tein ‘‘mT,’’ but upon Cre-mediated recombination, permanently
switches to express the membrane-targeted GFP ‘‘mG’’
(Muzumdar et al., 2007). To induce recombinant clones in the ter-
minal portions of the branching ureteric bud, we crossedmTmGevier Inc.
Figure 1. Time-Lapse Clonal Analysis of Labeled Ureteric Bud Cells Undergoing Mitosis in Cultured Kidneys
Rare, differentially labeled ureteric bud cells were generated in mouse kidneys by several methods (see Experimental Procedures for details) and followed by
time-lapse fluorescence microscopy of organ cultures. Five mitotic events are shown (one each in series A–C and two in series D). The four panels at left show
low-magnification views of the kidneys before mitosis of the labeled cell(s). The panels on the right are enlargements, showing the starting position of the
premitotic cell (asterisk), movement of the cell away from the basal edge (arrow), cell division and immediate separation of the daughter cells (two arrows),
reinsertion of one daughter cell at the site of origin (asterisk) and of the other cell at a distance.
(A) The entire ureteric bud expresses the green fluorescent protein myrVenus, whereas a few cells express the red fluorescent protein tdRFP1.
(B and C) The entire ureteric bud expresses eGFP, whereas a single cell expresses the red fluorescent protein tdTomato.
(D) The entire ureteric bud expresses cyan fluorescent protein (weakly visible in the green channel), whereas a few cells coexpress tdTomato and GFP. The image
sequences in (A)–(D) are also shown in Movie S1.
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Mitosis-Associated Ureteric Bud Cell Dispersalmice with Ret-CreERT2 transgenic mice (Luo et al., 2009), as the
Ret gene is expressed specifically at the UB tips (Pachnis et al.,
1993). E12.5 kidneys were treated in culture with a pulse of 4-OH
tamoxifen, and confocal images stacks were collected at regular
intervals.
Figure 3A shows an optical section through a branching UB
ampulla, in which mT fluorescence allows the UB epithelium
(circumscribed by a dotted line) to be distinguished from the sur-
rounding mesenchyme, while an isolated mG-positive epithelial
cell (white box) is about to undergo division, as shown in the
optical sections of Figures 3B and 3B0 and 3D rendering in Fig-
ure 3B00. When the premitotic UB cell translocates to the lumen
(at 14 min), it retains contact with the basal surface (dotted
line) via a thin, membranous process (asterisk). During cytoki-Developmenesis (28 min), the basal process is inherited by one daughter
cell (blue arrow) (see also Movie S4, which shows this dividing
cell from different angles), which then reinserts into the epithe-
lium at the position of the premitotic basal process (42 min,
asterisk). The other daughter cell (yellow arrow), reenters the
epithelium at a different position (56–84 min), while it is tran-
siently connected to the stationary cell at its apical end (Figure S1
shows a second example of a cell division exhibiting the forma-
tion and asymmetric inheritance of a basal process). Among a
total of 15 cell divisions observed in mTmG kidney cultures, in
nine cases the luminal mitotic cell and its daughters displayed
the behavior shown in Figures 3 and S1. We never observed a
basal process being split and inherited by both daughter cells.
Of the other six cases, five cells divided in the lumen, leadingntal Cell 27, 319–330, November 11, 2013 ª2013 Elsevier Inc. 321
Figure 2. 4D Confocal Microscopic Analysis of UB Mitotic Cell Behaviors in a Kidney Culture using the Membrane-Targeted Fluorescent
Marker Hoxb7/myrVenus
(A) Optical sections through the center of a branching ureteric bud ampulla (bisecting the lumen), at six time points between the start (E12.5) and end of the
kidney culture (21 hr later). Asterisks indicate large, round mitotic cells visible within the lumen. Scale bar represents 20 mm.
(B) At each time point a complete z stack (1 mm spacing) was collected. Selected optical sections (at t = 14 hr) are shown, starting at the outside of the lower
epithelium, going through the center, and ending at the top of the upper epithelium (as indicated by the diagram above each image). Scale bar represents 20 mm.
For the complete z stack, see Movie S2.
(C) Amitotic event in which the dividing cell remains within the epithelium. The image at left shows aUB tip with a large cell, apparently at metaphase; the next four
images show enlargements of the dividing cell at 10 min intervals. Scale bars represent 10 mm.
(D–F) Three examples of cell divisions within the UB lumen. The left image in each case shows the location of the mitotic cell at lower magnification. The next
image is an XZ projection showing the location of the mitotic cell (crosshairs) within the lumen. The images at right show the sequence of: elongation of the
premitotic cell toward the lumen; delamination into the lumen and enlargement of the mitotic cell; cytokinesis; and reinsertion of one daughter cell at the original
position in the surface epithelium. In (E) and (F), the second daughter cell has not reinserted at the same position; in (D), the second daughter cell is not seen
(presumably after reinsertion at a different z level). The sequences in (C)–(F) are also shown in Movie S3. Scale bars represent 10 mm.
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Mitosis-Associated Ureteric Bud Cell Dispersalto daughter-cell dispersal, but formation of a basal process, or
its inheritance, was not clearly visualized; the sixth cell divided
within the epithelium (similar to the division shown in Figure 2C).
Thus, the asymmetric inheritance of a basal process during
most (if not all) luminal mitoses explains how one daughter cell
reinserts into the epithelium at the starting position, whereas
the other daughter is able to reinsert at a new site. Furthermore,
the transient apical connection between the two daughter cells,
which persists during at least the initial phase of reinsertion into
the epithelium, probably limits the distance at which the motile
daughter can reinsert.322 Developmental Cell 27, 319–330, November 11, 2013 ª2013 ElsNuclear Behaviors during Mitosis-Associated Cell
Dispersal
To examine mitotic events at the nuclear level, we used TcfLEF-
H2BGFP transgenic mice expressing a nuclear histone-GFP
(Ferrer-Vaquer et al., 2010). This transgene is strongly expressed
in ureteric bud cells of the developing kidney, at E12.5 (Burn
et al., 2011; Ferrer-Vaquer et al., 2010) (Figures 4A–4C), allowing
us to follow nuclear dynamics during UBgrowth and branching in
culture. E12.5 kidneys were cultured and confocal image stacks
through the branching UB tips were collected at regular intervals
(Figures 4B and 4C). A 4D rendering of this culture is shown inevier Inc.
Figure 3. 4DConfocalMicroscopic Analysis of a DividingUBCell in a
Kidney Culture using Dual-Colored, Membrane-Targeted Fluores-
cent Markers
(A) Optical section through a branching ureteric bud ampulla (at a z level
bisecting the lumen) in a mTmG/+, Ret-CreERT2/+ kidney. The kidney was
explanted at E12.5, treated with 4-OH tamoxifen, and cultured overnight
before confocal image stacks (0.75 mm spacing) were collected at 14 min in-
tervals. All cells express the membrane-targeted red fluorescent protein
mTomato, except for rare recombinant clones in the UB tips that switch to
express the membrane-targeted green fluorescent protein mGFP. The yellow
dotted line indicates the basal surface of the UB ampulla, and the white box
highlights an mGFP-positive UB cell about to undergo mitosis.
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DevelopmeMovie S5. When the nuclei at individual z levels were followed
over time (Figures 4B, 4B0, 4C, and 4C0; Movie S6), very few
cell divisions were visible at the level of the upper or lower
epithelia (Figures 4B and 4C; Movie S6). However, in optical
sections bisecting the lumen, many mitotic figures were visible
(Figures 4B0 and 4C0; Movie S6). Figures 4D and 4E and Movie
S7 show examples of individual mitotic events. In these cases
(as in most other mitoses), the nucleus moved in a luminal direc-
tion, divided, and the daughter nuclei then moved back to the
basal surface (pseudocolored nuclei in Figures 4D and 4E).
Only very rarely were mitotic events seen close to the basal
surface (data not shown). Although the apical surface of the
epithelium (i.e., the edge of the lumen) was not visible using a
nuclear marker, the movements of premitotic nuclei in a luminal
direction, and reinsertion of the daughter nuclei at two separate
locations, are consistent with the cellular behaviors we observed
using cytoplasmic or membrane markers (Figures 1, 2, and 3;
Movies S1, S3, and S4).
These time-lapse data also allowed us to analyze the locations
of mitoses in the growing UB ampulla. The mitotic events were
widely dispersed throughout the ampulla and showed no evi-
dence of clustering at the extreme tips, or in other locations
(Figure S2). Thus, consistent with static analyses using BrdU
incorporation (Fisher et al., 2001; Michael and Davies, 2004),
our data argue against a role for localized cell proliferation in
renal branching morphogenesis.
Many Mitotic Cells Are Found in the Lumen of Ureteric
Bud Tips during Kidney Development In Vivo
Our time-lapse studies of mitotic cell behaviors were conducted,
by necessity, on kidneys developing in culture. To determine
whether mitosis occurs in the UB lumen during kidney develop-
ment in vivo, we analyzed kidneys in whole mount between
E11.75, when branching has just begun, and E15.5, when
branching is slowing and collecting duct elongation is beginning
(Cebria´n et al., 2004). The kidneys were imaged by confocal
microscopy, following antibody staining against a panel of
cellular markers; Calbindin1 (Calb1; UB epithelium), phospho-
histone H3 (pHH3; mitotic cells), GFP (recognizing Six2-GFP in
cap mesenchyme cells), and DAPI (all nuclei). Figure 5A shows
one optical section through a ureteric tip at each of these stages
(here, ‘‘tip’’ refers to the swollen terminal branches and ‘‘trunk’’ to(B–B00) Six successive stages of UB cell delamination, division, and reinsertion.
(B) Red/green merge. (B0) mGFP channel only. (B00) 3D rendering of mGFP
channel (the 3D rendering shows additional labeled cells not visible in the
optical sections of (B) and (B0). At 0 min, the premitotic cell has elongated into
the lumen, but retains extensive contact with the basal surface (asterisk); at
14 min, the cell has rounded and retains only a thin membranous process
connecting it to the basal surface (asterisk); at 28 min, cytokinesis has begun
(arrows) and only the lower cell has apparently inherited the basal process; at
42–56 min, the tethered cell (blue arrow) reinserts at the original position in the
surface epithelium (asterisk); by 84min, the two daughter cells have reinserted
into the epithelium at separate sites, but retain an apical connection. This
movie terminated before the two daughter cells completed cytokinesis, but
other examples (Figures 1 and S1) show that cytokinesis is typically complete
within 1–3 hr of mitosis. A time-lapse sequence of the 3D rendered cell division
in (B00) is shown in Movie S4, and a similar analysis of a second dividing UB tip
cell is shown in Figure S1. The yellow dotted line in (B) indicates the basal
surface of the UB ampulla, and the white box highlights an mGFP-positive UB
cell about to undergo mitosis.
ntal Cell 27, 319–330, November 11, 2013 ª2013 Elsevier Inc. 323
Figure 4. 4D Analysis of Mitoses during
Ureteric Bud Branching using a Nuclear
Fluorescent Label
(A) 3D rendering of an E12.5 TcfLEF-H2BGFP
transgenic kidney, from a confocal image stack.
Note the expression of H2BGFP only in the ureteric
bud cells and not in the surrounding mesenchymal
cells.
(B, B0, C, and C0) Optical sections from an 18 hr
culture of an E12.5 TcfLEF-H2BGFP transgenic
kidney. (B andC) Optical sections at the level of the
surface epithelium. (B0 andC0) Optical sections at a
deeper level that bisects the UB lumen and the
lateral edges of the epithelium (see inset dia-
grams). Asterisks in (B0) and (C0) indicate mitotic
figures visible only at the level of the lumen.
Complete 18 hr time-lapse movies, at the z levels
shown in (B) and (C), are provided in Movie S6. A
3D image sequence showing the overall branching
of the UB is provided in Movie S5.
(D–G) Sequences of optical sections (at 12 min
intervals) in which mitotic events are visible. The
pseudocolored nuclei in (D) and (E) first move
in a luminal direction (0–48 min), then divide
(60–72 min), then the daughter nuclei reinsert in
the surface epithelium at separate positions
(84–108 min). The image sequences in (D) and (E)
are also provided in Movie S7.
See also Figure S2.
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Mitosis-Associated Ureteric Bud Cell Dispersalthe deeper branches; see Figure 5G). pHH3+ UB cells were
examined throughout the z stacks, and their locations were
scored: within the lumen, at the border between lumen and
epithelium, or within the epithelium (Figures 5B and S3). In the
UB tips at E11.75–E13.5, most mitotic cells (62%–84%) were
foundwithin the lumen (Figure 5D).We confirmed that the luminal
edge of the Calbindin1-positive epithelium corresponds to
the apical surface (Figure S5). This supports our observations
in organ cultures that most UB tip cells divide in the lumen.
The luminal pHH3+ cells retained expression of Calbindin-1
and E-cadherin, suggesting they retain an epithelial phenotype
(Figures 6 and S6) and projected beyond the apical surface
defined by expression of apical marker ZO-1. Domains of ZO-1
expression were seen on some luminal cell membranes (Fig-
ure 6B). Although this does not prove that apical-basal polarity
is retained, the attachment of these cells to the basal lamina
via a thin basal process suggests that this is the case.
At E14.5 and E15.5, the fraction of pHH3+ cells located
within the tip lumen declined, whereas those at the luminal/
epithelial border increased, and together these cells still
accounted for more than half of the pHH3+ cells (Figures 5A,
5B, and 5D). Occasional pHH3-negative, Calbindin1+, Ecad+
cells were also observed in the tip lumen (e.g., E12.5 in Figures
5A, S6A and S6B, and data not shown); these are likely to be
postmitotic cells that have not yet reinserted into the epithe-
lium. To relate the locations of mitotic cells at different stages
to other parameters of UB branching morphogenesis, we also
counted pHH3+ cells per tip and measured luminal volume at
E11.75–E15.5. All of these parameters declined progressively
after E12.5, with luminal volume dropping most dramatically
(Figures 5C and S4A–S4C).324 Developmental Cell 27, 319–330, November 11, 2013 ª2013 ElsInterestingly, cell division in the lumen appears to be a specific
property of the branching tips of the ureteric bud epithelium. Un-
like pHH3+ cells in the tips, pHH3+ cells in the trunks were most
often located within the epithelium (Figures 5E, 5F, and 5H),
except at E12.5 when trunk lumens were large and around half
of the mitosing cells were luminal (Figure 5G).
Despite the declining size of the tip lumen and percentage of
luminal pHH3+ tip cells in fixed kidneys during later phases of
development, time-lapse movies of the UB tips in cultured
E17.5 kidneys revealed that many mitotic cells at this stage still
undergo luminal translocation and dispersal of one daughter
cell (Figure 7), as seen in earlier stage kidneys.
DISCUSSION
Epithelial cells in many developing tissues are known to undergo
extensive movements, resulting in changes in cell position
and exchange of neighbors within the epithelium. The reported
mechanisms of epithelial cell movement include lateral intercala-
tion (Karner et al., 2009; Lecuit, 2005), rearrangement of rosettes
(Lienkamp et al., 2012; Vichas and Zallen, 2011), and collective
cell migration (Ewald et al., 2008; Vasilyev et al., 2009). Here,
we describe a distinct type of cell movement, which is closely
coupled to cell division in the branching regions of the ureteric
bud; we term this process ‘‘mitosis-associated cell dispersal.’’
In time-lapse studies of cultured kidneys, we observed that
nearly all premitotic UB tip cells first elongate in the apical direc-
tion and then delaminate into the lumen before dividing. In most
cases, the mitotic cell retains a very thin connection to the
basal surface. The cell immediately divides, one daughter cell
inheriting the basal process; this ‘‘tethered’’ daughter cell thenevier Inc.
Figure 5. 3D Confocal Microscopic Analysis of Mitotic Cells in Ureteric Tips versus Trunks In Vivo
Wholemouse kidneys at stages from E11.75 to E15.5 were stained with markers for ureteric bud epithelium (anti-Calbindin1, white), mitotic cells (anti-pHH3, red),
capmesenchyme cells (anti-GFP to detect Six2GFP, green) and all nuclei (DAPI, blue), and the outer portion of each kidney (containingmostly tips and portions of
the adjacent trunks) was examined by confocal microscopy.
(A–D) Locations of mitotic cells in UB tips. (A) Representative optical sections through a ureteric tip at the indicated stages. Yellow arrows indicate pHH3+ cells
located within the lumen (as diagrammed in B), and the white arrow indicates a pHH3+ cell within the epithelium at E13.5. See Figure S3 for examples of each type
of pHH3+ cell diagrammed in (B). Grey arrowhead in E12.5 indicates a Calbindin1+, pHH3-negative cell within the lumen. (C) Number of pHH3+ cells per ureteric
tip (error bars indicate SEM). (D) Percentage of pHH3+ tip cells located within the lumen (yellow bars), at the lumen-epithelial border (black bars), or within the
epithelium (white bars).
(E) Comparison of pHH3+ cell locations in UB tips versus trunks. Because of the rarity of mitotic cells in UB trunks, for this comparison the data were pooled into
two groups: early (E11.75–E13.5) or later (E14.5–E15.5) stages. No pHH3+ cells were identified at the lumen-epithelial border in trunks. A Fisher’s exact test of
independence showed statistically significant differences in the distribution of pHH3+ nuclei between tip and trunk across the three locations (lumen, yellow bars;
lumen-epithelial border, black bars; epithelium, white bars) at both stage ranges (p values are shown).
(F–H) Examples of mitotic cells in UB trunks (indicated by open white arrowheads), which were distinguished from tips using 3D structural morphology and by the
absence of adjacent Six2+ cap mesenchyme (labeled ‘‘cap’’ in green). The outer edge of the kidney is indicated by dotted white lines. (F and G) E12.5 kidneys.
(F and F0) Epithelial pHH3+ trunk cell (white arrows). (G and G0) Luminal pHH3+ trunk cell (yellow arrows). (G00) Terminal end of the trunk highlighted in (G) and (G0 )
but in a different optical section where the dotted red line indicates the boundary between ‘‘tip’’ and ‘‘trunk.’’ (H and H0) Example of a pHH3+ cell within the trunk
epithelium at E15.5 are shown. Three to four kidney samples were examined at each stage.
See also Figures S3 and S4 (for rendering and cell counting methods and measurement of ureteric tip lumen volumes).
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Mitosis-Associated Ureteric Bud Cell Dispersalreinserts into the epithelium at the position of origin, whereas the
other (‘‘motile’’) daughter cell reinserts at a nearby, but noncon-
tiguous, position. Consistent with these observations in live or-
gan cultures, many mitotic (pHH3+) cells in fixed kidneys were
found in the UB tip lumen. Given the high frequency of mitosis
in the UB tips, this behavior results in frequent cell rearrange-Developmements and is sufficient to explain the dispersion of clonally
related cells observed in chimeric kidneys (Shakya et al.,
2005). Mitosis-associated cell dispersal involves several kinds
of cell movement: delamination of the premitotic parental cell
into the lumen, reinsertion of this cell back into the epithelium
after mitosis, reinsertion of the other daughter cell at a newntal Cell 27, 319–330, November 11, 2013 ª2013 Elsevier Inc. 325
Figure 6. Mitotic Cells in the Ureteric
Tip Lumen Retain E-Cadherin and ZO-1
Expression
(A) Optical section of E12.5 mouse kidney fluo-
rescently labeled with antibodies for E-cadherin
(white), ZO-1 (red), pHH3 (green), and cell nuclei
(DAPI, blue). Two of the pHH3+ cells are located
in the lumen (yellow arrow) and one is within the
epithelium (white arrow).
(B and C) Enlargements of the yellow boxed area in (A), showing that ZO-1 expression is localized to a specific subdomain (red arrows in B) on the E-cadherin-
labeled surface (C) of the two luminal pHH3+ tip cells.
(D and E) Enlargement of the epithelial mitotic tip cell (white boxed area in a) shows that it expresses ZO-1 on its apical surface, in the same pattern as the
nonmitotic (pHH3-) tip cells adjacent to it within the epithelium.
See also Figures S5 and S6, which show additional examples.
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Mitosis-Associated Ureteric Bud Cell Dispersalsite, as well as the passive displacement of cells at the reinser-
tion site of the motile daughter.
The subcellular mechanisms of ureteric bud cell delamination,
movement, and reinsertion remain to be elucidated. However,
this process bears some similarities to the nuclear movements
that occur in pseudostratified epithelia, known as interkinetic
nuclear migration (IKNM) (Kosodo, 2012; Spear and Erickson,
2012). In pseudostratified epithelia, the nuclei oscillate between
the apical and basal sides of the epithelium during the cell cycle,
and cells divide mainly at the apical side, while retaining a thin
connection to the basal surface. Unlike mitosis-associated cell
dispersal in the UB, mitosis in pseudostratified epithelia occurs
within the confines of the epithelium, and the daughter cells
generally remain contiguous after cytokinesis (Das et al., 2003;
Miyata et al., 2001). One interesting exception occurs in
the developing neural keel of zebrafish embryos, where one
daughter cell crosses the midline and reinserts in the neuroepi-
thelium on the opposite side (Ciruna et al., 2006). Similar but
less dramatic nuclear movements are commonly observed in
columnar epithelia, where mitotic figures are generally observed
at the apical side of, but within, the epithelium (Baker and Gar-
rod, 1993; Raphael et al., 1994; Smart, 1970). In the branching
UB epithelium, the nuclei of cells entering mitosis apparently
initiate a similar apically-directed movement, but do not stop at
the apical surface of the epithelium, leading to cellular elongation
and then delamination of the bulk of the cell into the lumen. The
basal-to-apical movements that occur during IKNM in pseudos-
tratified epithelia are mediated, in different systems, by either
microtubules or the actin cytoskeleton (Kosodo, 2012; Spear
and Erickson, 2012). Because the UB develops from the pseu-
dostratified epithelium of the caudal nephric duct (Chi et al.,
2009b), perhaps the apical movement of the nucleus, the initial
step in mitosis-associated cell dispersal, is mechanistically
related to the IKNM exhibited in the earlier pseudostratified
epithelium. Recent work has provided increasing insight into
the molecular mechanisms governing epithelial cell division
in other systems (Bourdages and Maddox, 2013; Guillot and
Lecuit, 2013), and it will be important to determine the mecha-
nistic differences that cause mitotic UB tip cells to delaminate
from and reinsert into the epithelium. The UB tip epithelium is
known to differ dramatically from trunk epithelium in patterns
of gene expression (Caruana et al., 2006; Schmidt-Ott et al.,
2005; Yu et al., 2012), but the differences in epithelial cell
properties and interactions that allow mitosis-associated cell
dispersal to occur specifically in the tips remain to be defined.326 Developmental Cell 27, 319–330, November 11, 2013 ª2013 ElsWhat might be the function of mitosis-associated cell
dispersal? In the developing kidney, mitosis (and hence
mitosis-associated cell dispersal) occurs predominantly in the
tips, the terminal regions where new branches are forming. In
the UB trunks, there is less frequent cell division, and luminal
mitotic cells were observed, but only at E12.5, when the trunk
lumens were large. Within ureteric trunk epithelium distant
from the branching ampullae, after E12.5, as these tubules
narrow, cell division occurs without mitosis-associated cell
dispersal. Here, daughter cells remain contiguous (e.g., Figure 1
in Fischer et al., 2006). This suggests that mitosis-associated cell
dispersal might be important to allow the very rapid cell division
that occurs in UB tips. It has been observed that epithelia may
act as a ‘‘suppressive environment’’ for cell division, and delam-
ination into the lumen may allow a higher rate of cell division,
albeit in a pathological context (Leung and Brugge, 2012). How-
ever, reinsertion into the epithelium was not observed in that
study, nor would the ability of a UB cell to divide more readily
in the lumen explain why one daughter cell reinserts at a different
position. Alternatively, this cellular behavior might have a spe-
cific role in the reshaping of the UB tip epithelium that underlies
branching morphogenesis. Because 2% of UB tip cells are
pHH3+ at any given time (Kuure et al., 2010), and assuming
that the mitotic (pHH3-positive) phase lasts 1 hr (Figures 2, 3,
and 4), then in each 24 hr period approximately half the cells in
each UB tip will undergo mitosis-associated cell dispersal (and
many others will be passively displaced), leading to extensive
cell rearrangements. Even though the untethered daughter
cells do not move far, if they tended to move in a nonrandom
direction, the resulting directional ‘‘flow’’ of cells might cause
the epithelium to expand in some regions more than others—re-
shaping the ampulla and thus contributing to branch formation.
Further work is required to test this hypothesis.
Another possible (and related) role of mitosis-associated cell
dispersal may be to influence cell fate. UB tip cells represent
progenitor cells, some of whose daughter cells remain at the
growing tip (i.e., in the progenitor pool), whereas other daughters
are left behind in the trunk and begin to differentiate into collect-
ing duct cells (Shakya et al., 2005) (P.R. and F.C., unpublished
data). It is not known how the daughters of individual dividing
tip cells differ in their short-term fate (in the long term, all will
become collecting duct cells), but it is likely that many divisions
are asymmetric in that one daughter cell (and its progeny) will
remain at the tip longer than the other. In terms of cell position,
a luminal division in which one daughter reinserts at the sameevier Inc.
Figure 7. Mitotic Cell Dispersion Occurs in E17.5 Ureteric Tips
An E17.5 kidney expressing the membrane marker Hoxb7/myr-Venus in all UB cells, and with mosaic expression of LEF/Tcf:H2B-GFP in a few UB tip cells, was
cultured and imaged by confocalmicroscopy. Themyr-Venus andH2B-GFP signals were separated by spectral imaging and linear unmixing, andmyr-Venuswas
pseudocolored red. The cell indicated by an arrow at 0 min (00 ) divides at 80 min, its daughters immediately separate (arrows), and they remain one to two cells
distant at 160 min (arrows).
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asymmetric. A further asymmetry is seen in the inheritance of
the basal process, which appears to be retained by only one
daughter UB cell. In the developing nervous system, progenitor
cells divide at the apical side of (but within) the neuroepithelium,
and a similar basal process connects the apical mitotic cell to
the basal lamina; the basal process is usually inherited by only
one daughter cell, and in asymmetric, neurogenic divisions, in-
heritance of the basal process may be an important determinant
of cell fate (Fietz and Huttner, 2011; Kosodo and Huttner, 2009).
This suggests that asymmetric inheritance of the basal process
may also influenceUB tip cell fate. It is also important to establish
how the apical membrane is divided between daughter UB cells,
as apical components can influence cell fate in many situations
(Knoblich, 2008). It remains unclear whether the tethered and
motile daughter UB cells have different fates and, if so, whether
mitosis-associated cell movements or the inheritance of basal
or apical components affect these fates. Answering these
questions may require observing a mitotic event, including the
inheritance of basal and apical components by the tethered
and motile daughter cell and then following the fates of these
daughter cells during an extended period of growth in organ
culture.
An important implication of this finding concerns the potential
role of oriented cell division (OCD) in ureteric bud branching.
When cells divide within, and parallel to, an epithelium, the sep-
aration of the two daughter cells can exert directional forces on
neighboring cells, leading to anisotropic tissue growth (Strutt,
2005). OCD is believed to contribute to the elongation of the col-
lecting ducts in late fetal and adult mouse kidneys (Fischer et al.,
2006; Karner et al., 2009; Saburi et al., 2008; Yu et al., 2009) and
to the patterned growth of several other developing epithelia
(Baena-Lo´pez et al., 2005; Sausedo et al., 1997; Tuckett and
Morriss-Kay, 1985). However, when cells delaminate from the
epithelium, divide in the lumen, and then reinsert into the epithe-
lium at different positions, it seems very unlikely that the mitotic
orientation could have such an effect. This conclusion is consis-
tent with the observation that mitotic orientation was essentially
random in kidney tubules at E13.5 and E15.5 (Karner et al.,
2009) (although the branching UB tip regions were not specif-
ically examined in that study). Thus, cellular mechanisms otherDevelopmethan OCD are likely to determine the patterns of epithelial
morphogenesis during renal branching.
Mitosis-associated cell dispersal is apparently not a universal
property of all rapidly growing epithelia. In many developing
epithelia (e.g., fly wing disc), clonally related cells tend to remain
closely associated, rather than immediately dispersing (Baena-
Lo´pez et al., 2005; Fischer et al., 2006; Knox and Brown,
2002). What about branching epithelia besides kidney? Although
lineage tracing studies in developing lung epithelium indicate
that clonal cells move apart (Rawlins et al., 2009), it was not
determined if this cell dispersal occurred at the time of mitosis,
as we observe in the UB, or later and by another mechanism.
Our analysis of pHH3+ cells in fixed fetal lungs at E12.5 or
E13.5 indicated that all pHH3+ nuclei were contained within
the confines of the epithelium (data not shown). This would be
consistent with evidence that OCD plays an important role in
the patterns of lung budmorphogenesis (Tang et al., 2011); how-
ever, time-lapse live imaging of mitotic cell behaviors in lung and
other branching epithelia will be required to determine if mitosis-
associated cell dispersal is unique to the kidney or is amore gen-
eral phenomenon.
EXPERIMENTAL PROCEDURES
Mouse Strains and Embryo Staging
The sparsely labeled UB cells in Figure 1 were induced using several trans-
genic strains. The kidney in Figure 1A carried Hoxb7/myrVenus (Tg(Hoxb7-
Venus*)17Cos), thus expressing a membrane-associated form of GFP in every
UB cell (Chi et al., 2009a), the UB tip-specific inducible Ret-CreERT2
allele (Rettm2(cre/ERT2)Ddg) (Luo et al., 2009), and the Cre-reporter line
Gt(ROSA)26Sortm1.1Hjf, which expresses tdRFP1 after recombination (Luche
et al., 2007). The kidney was explanted at E11.5, cultured for 1 hr with 100 nM
4OH-tamoxifen, rinsed, and cultured in normal medium. The kidneys in Figures
1B and 1C express a low level of GFP throughout the UB, from the transgene
Hoxb7/CreGFP (Tg(Hoxb7-cre)5526Cmb) (Zhao et al., 2004). The rare yellow
cells express a higher level of GFP together with tdTomato, resulting in a yellow
cell on the green UB background. Expression of the GFP and tdTomato
was induced by a rare interchromosomal recombination event, catalyzed by
the CreGFP, between the Gt(ROSA)26Sortm6(ACTB-EGFP*,-tdTomato)Luo/
J and Gt(ROSA)26Sortm7(ACTB-EGFP*)Luo/J loci on the two homologs of
chromosome 6, as described (Tasic et al., 2012). The kidney in Figure 1D
carries Hoxb7/Cre (Tg(Hoxb7-cre)13Amc) (Yu et al., 2002) and expresses
cyan fluorescent protein throughout the UB (weakly visible in the GFP
channel), due to recombination of the Rosa26R-CFP allele (Gt(ROSA)ntal Cell 27, 319–330, November 11, 2013 ª2013 Elsevier Inc. 327
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Mitosis-Associated Ureteric Bud Cell Dispersal26Sortm2(ECFP)Cos) (Srinivas et al., 2001) catalyzed by Cre. The rare yellow
cells are labeled in a similar manner to those in Figures 1B and 1C, but by
interchromosomal recombination between the Tg(ACTB-EGFP,-tdTomato)
11Luo/J and Tg(ACTB-tdTomato,-EGFP)11Luo/J loci on chromosome 11
(Hippenmeyer et al., 2010).
The kidney in Figure 2 carries the Hoxb7/myrVenus transgene. The kidneys
in Figures 3 and S1 carry the Rosa26-mTmG Cre reporter allele (Gt(ROSA)
26Sortm4(ACTB-tdTomato,-EGFP)Luo/J) (Muzumdar et al., 2007) and the
Ret-CreERT2 allele. The kidney was excised at E12.5, cultured, and recombi-
nation was induced in a small subset of UB tip cells (resulting in deletion of the
gene encoding membrane-tethered tdTomato, ‘‘mT,’’ and expression of
membrane-tethered EGFP, or ‘‘mG’’) by treatment with 50 nM 4-OH tamoxifen
at 37C for 1 hr. Kidneys were cultured for 24 hr to allow detectible levels of
mG to accumulate in recombined cells before imaging. 3D rendering was
performed using NIS Elements software with Golay filter deconvolution. The
kidneys in Figures 4 and S2 carry the transgene TCF/Lef-H2BGFP (Tg(TCF/
Lef1-HIST1H2BB/EGFP)61Hadj) (Ferrer-Vaquer et al., 2010). The green cells
in Figures 4D and 4E were pseudo-colored using Adobe Photoshop. The kid-
ney in Figure 7 carries both Hoxb7/myrVenus and TCF/Lef-H2BGFP. Although
TCF/Lef-H2BGFP is expressed in most or all UB cells at earlier stages, at E17
expression is limited to a subset of UB cells. mVenus and GFP signals were
separated into distinct channels during imaging, using spectral detection
and linear unmixing.
For whole-mount kidney immunofluorescence, embryos were collected
from timed matings of C57BL6 (for ZO-1 and aPKC whole-mount data) or
Six2TGC mice (Tg(Six2-EGFP/cre)1Amc/J; see Kobayashi et al., 2008) for all
other whole-mount data. In all experiments, noon of the day on which the
mating plug was observed was designated E0.5.
All experiments with animals were performed with the approval of the
Institutional Animal Care and Use Committees.
Kidney Cultures and Time-Lapse Imaging
Kidneys were cultured on Transwell-Clear filters in glass-bottom Petri dishes,
in environmentally controlled chambers, as previously described (Costantini
et al., 2011). Time-lapse imaging was performed using Nikon TE300 or Zeiss
Axio Observer Z1 epifluorescence microscopes (Figure 1), a Leica SP5
confocal microscope (Figure 2), and a Nikon A1R MP confocal microscope
(Figures 3, 4, 7, S1, and S2).
Antibodies
Primary antibodies used for whole-mount kidney immunofluorescence
were: mouse anti-Calbindin1 (Calbindin D28K, Sigma C9848), rabbit anti-
phospho-Histone H3 (pHH3, Ser10, Cell Signaling Technology 06-570)
or rat anti-phospho-Histone H3 (pHH3, pSer28, Sigma-Aldrich H9908),
chicken anti-GFP (Abcam ab13970) to detect Six2-EGFP, mouse anti-E-
cadherin (BD Biosciences 610181), rabbit anti-ZO-1 (Life Technologies
40-2300), and rabbit anti-PKC zeta (aPKC, Santa Cruz sc-216). Alexa fluor-
conjugated secondary antibodies (Life Technologies) were used to detect
primary antibodies and DAPI (Sigma Aldrich #D8417) was used to label
nuclei.
Whole-Mount Kidney Immunofluorescence and Confocal
Microscopy
Kidneys were isolated in PBS and fixed with 4% paraformaldehyde in PBS for
10 min. They were then rinsed twice with PBS and transferred into PBS 0.1%
Triton X-100 (PBTX), blocked in PBTX with 10% heat inactivated sheep serum
for >1 hr before being incubated for 12–48 hr at 4C with primary antibody.
After thoroughly washing with PBTX (8–24 hr), the kidneys were incubated
for 12–30 hr at 4C with secondary antibody. Samples were then incubated
with DAPI at 1:2,000 for >1.5 hr before being dehydrated with methanol
(MeOH) in PBTX, 10 min at each stage: 25% MeOH in PBTX, 50%, 75%,
100%, and 100%. After the final MeOH wash, samples were transferred into
a glass bottom imaging dish (Mattek P35G-1.5-14-C) using awide-bore plastic
transfer pipette. The remaining alcohol was removed from the dish with a
P1000 pipette then a small amount of 1:2 benzyl alcohol (Sigma Aldrich
402834-1L) to benzyl benzoate (Sigma Aldrich B6630-1L) (BABB) was added
to clear the samples. Samples were then imaged on an inverted Zeiss LSM
510 Meta confocal microscope.328 Developmental Cell 27, 319–330, November 11, 2013 ª2013 ElsWhole-Mount Kidney Image Analysis
Z stacks (1.9 mm intervals over 70–145 mm) were obtained from the surface of
immunofluorescently labeled whole-mount kidneys (three to four kidneys from
each stage). Subsequently, image stacks were visualized using LSM image
browser to score the location of pHH3+ nuclei as shown in Figure S2. Ureteric
tips were distinguished from trunks using 3D structural morphology and by the
presence of an adjacent Six2-labeled cap mesenchyme (Figures 5F–5H). To
obtain ureteric tip lumen volume and count pHH3+ cells, z stacks were visual-
ized in Imaris (version 7.2, Bitplane AG). Ureteric tip lumen and epithelium sur-
faceswere rendered using the edge of theCalbindin1 signal and Imaris Isolines
function, whereas pHH3+ cell numbers were counted using Imaris spot count
function as shown in Figure S4A. Ureteric tips were separated from ureteric
trunks by manually cutting the tips from the Calbindin1 rendered 3D surface
of the tree, perpendicular to where the tip joined the trunk. The number of
pHH3+ cells in tips versus trunks (Figure 5E) was compared using a Fisher’s
exact test of independence.
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